Lite Cycles has developed a new type of eye-safe, range-gated, lidar sensing element based on Solid-state Raman Image Amplification (SSRIA) in a solid-state optical crystal. SSRIA can amplify low-level infrared images with gains greater than 106 with the addition ofonly quantum-limited noise. The high gains from SSRIA can compensate for low quantum efficiency detectors and can reduce the need for detector cooling. The range-gate of SSRIA is controlled by the pulsewidth of the pump laser and can be as short as 30 -100 cm. for nanosecond pulses and <5 mm. if picosecond pulses are used. SSRIA results in higher SNR images throughout a broad range of incident light levels, in contrast to the increasing noise factor with reduced gain in image intensified CCD's. A theoretical framework for the optical resolution of SSRIA is presented and it is shown that SSRIA can produce higher resolution than ICCD's. SSRIA is also superior in rejecting unwanted sunlight background, further increasing image SNR, and can be used for real-time optical signal processing. Applications for military use include eye-safe imaging lidars that can be used for autonomous vehicle identification and targeting.
INTRODUCTION
Ballistic missile defense systems will require high-resolution, high-sensitivity sensor subsystems to perform the functions of target acquisition, target identification, and aimpoint selection. Lidar-based military targeting systems required by the Air Force and the other services also require advances in sensor technology. The use of lidar seekers for vehicle identification and targeting is of increasing interest due to the inherently high-resolution shape data and the relatively low unit cost of new all-solid-state lidar transmitter technology. The term "identification" in this context means associating a sensed target with a label that is unique to the target's external shape. In practical terms, this means that the sensing element must provide sufficiently high spatial resolution so that the image of a tank, for example, can be distinguished from an armored personnel carrier or an infantry fighting vehide. Identification is not only important when selecting priority targets to attack or friendly vehicles to avoid, but is also important in the selection of the correct aimpoint for the delivery of ordinance.
Current pulsed lidar systems use the technique of "range-gating" to reject the intervening scattered light due to atmospheric aerosols, smoke or fog, thereby increasing the contrast and detectability of the target image. Range-gating is typically accomplished by controlling the timing between the outgoing laser pulses and the gating or exposure of the sensing element ofthe lidar system. The sensing element of an imaging lidar system is typically an intensified CCD array or a streak tube I CCD array combination. Image intensifier tubes operate by using a photoemissive detector coupled to a microchannel plate (MCP) electron amplifier. The gating of the intensifier is accomplished by switching the voltage between the photocathode and the input of the MCP. Current commercial image intensifiers are limited to gains of around 1O, gating a FUIIher author information - times of around 50 to 100 nanoseconds, and resolutions of around 50 to 100 j.tm at the photocathode. In addition, infrared photocathodes suffer from low quantum efficiencies that limit the achievable signal-to-noise ratio of images.
Lite Cycles, Inc., has developed a new type of lidar sensing element based on Solid-state Raman Image Amplification (SSRIA ) in a solid-state optical ciystal. This new technique can outperform current image intensifiers in the short wave infrared (SWIR) around 1.5 pm and offers potential gains of 106, gating times of 1-5 nanoseconds (or even as short as 10-30 picoseconds by using laser mode-locking techniques), and camera-limited resolution.
RAMAN IMAGE AMPLIFICATION
Raman scattering is a two-photon process whereby one photon at frequency a is absorbed and one photon at is emitted, while the material makes a transition from the initial engy state, E, to the final state, E1, as illustrated inFigure 1.
Energy conservation requires that h(w -w) = E1 -E0 = ha which is just the energy difference between the final and initial states. A Raman active medium is able to couple frequencies that differ by the frequency of the molecular vibration or optical phonon in the material. This coupling interaction between the pump and Stokes beams can be analyzed In the 1980's, research in the area oflaser fusion led to the investigation into using SRS gas cells as high power Raman amplifiers. Parthncii and Shaw' investigated the use of low-pressure molecular hydrogeii in a light guide as a beam combin for a high-power KrF laser. Such a Raman amplifier may be used in the forward direction as an optical beam combiner where many pump beams are combined into a single Stokes beam. As shown by Partanen and Shaw and others, such an amplifier need not imprint phase or intensity variations onto the Stokes beam, and nearly distortionless amplification can be obtained. Recently, researchers at the Naval Research Laboratory have investigated the use of a gas cell, stimulated Ranian amplifier for low-light-level, quantum-noise-limited amplification of images.2 By the application of the slowly vaiying amplitude approximation, the equations coupling the pump and Stokes beam intensities, Ip and Irespeclive1y, are: 
where 4(0) and 4(0) are the input intensities ofthe Stokes and pump beams, respectively. Figure 2 shows the behavior of the output Stokes intensity as a function of input Stokes intensity for a fixed pump intensity and ciystal length of Ba(N03)2. For input Stokes intensities that approach the pump intensity, the amplifier output Stokes intensity saturates. 
For a SSRIA crystal of length, LR, the output Stokes intensity is thus:
The SSRIA can thus be charactcnzed by a linear input-output relationship, = GI (2.7) where the overall amplifier gain, G, is given by:
(2.8) Figure 3 shows the gain region investigated in this paper. Typical amplified images were made at a gain level of around 900. The gain exponent, G5, is proportional to the pump intensity in the SSRIA crystal. By vaiying the pump energy, along with changing the focusing lens at the output of the pump laser, the pump intensity in the SSRIA ciystal was adjusted over the total range shown in the figure. Note the region hatched in gray in the figure. This represents a gain region where initial expeninents showed amplified vacuum fluctuations. Gain profile variations in the pump beam and multi-longitudinal mode pumping caused this regime to occur below the usual value of G5 =25-30 for a threshold seeded from noise. Better pump beam uniformity and single longitudinal mode operation can extend the usable gain region closer to this theoretical limit. There are several thmgs to note about Figure 4 . First, the pump heani distribution shown in the ligurc is the actual amplifier pump beam distribution measunxl at the Fourier plane of the SSRIA. The non-circularly symmetnc locused beam is due to the direct-pumping of the elliptical fiashlamp cavity. The FTirnage} shows that the vertical and horizontal resolution bars lransft)rm to vertical and horizontal structure on the Fourier transhirni (the cross-shaped fi.aturc in FT{iniage). Higher spatial frequencies, i.e. closer spaced tn-bars in the resolution target, Iranshirni to corresponding structure that is further from the center of the Fourier transform. The overall DC light level of the image is translörnicd to a peak in the center of the FT. As a result, the pump beam distribution controls the spatial frequency content of the final amplified image. High spatial frequencies that are transformed outside of the pump beam distribution receive no amplification and arc lost in the final amplified image. Thus the pump beam distribution in the Raniim crystal is the controlling factor hir the Modulation Transfer Function (MTF) of SSRIA. Note that since the pump beam distribution is non-circularly symmetric, thc MTF in the horizontal and vertical directions will be different.
FTlmage Amp[FT{lmage] Figure 5 shows the SSRIA Demonstrator layout that was used to demonstrate the feasibility of SSRIA. The
Demonstrator consists of three main optical parts: 1) the Stokes seed source laser, which is a Q-switchcd, flashlamp-pumped, intracavity Raman laser emitting up to 30 nil per pulse of 1.56 jim radiation at a 1 Hz repetition rate, 2) the Raman amplifier pump laser, which is a Q-switched, flashlamp-pumped Nd:YAG laser emitting up to 89 mJ per pulse of 1.34 jim radiation at a 1 Hz repetition rate, and 3) the Solid-state Raman Image Amplifier which is configured in a Fourier transtorm arrangement where the amplifier crystal of Ba(N03)2 is at the Fourier transform plane of the mput image.
A standard Air Force tn-bar resolution target was transillummated with the expanded 1.56 jim laser pulses from the Seed Stokes source laser. The illuminating laser pulses were greatly atlenuated with neutral density tilters up to a total optical density value of 9.8. The amplifier pump laser was timed to overlap the illuminating pulses inside the Raman amplifier crystal. The output energy per pulse of the amplifier laser could he adjusted to moderate the amount of gain applied to the illuminating pulses. Figure 6 , on the left, shows the image produced when no amplifier pump pulses were applied to the SSRIA crystal (the actual output gray level of this image has been boosted so that the tn-bars can be seen -the image directly out of the camera is 1-bit over background). The right side of Figure 6 shows the corresponding image with the amplifier pump laser applied to the SSRIA crystal. The gray level is now at the saturation level of the IR camera indicating an optical gain of greater than 500. Also note that the image resolution is not degraded by the SSRIA. 
RANGE GATING OF RAMAN AMPLIFIERS
The ti-i-bar resolution target, illuminated by the seed Stokes beam, is imaged into the nonlinear crystal. The seed Stokes image light is amplified by stimulated Raman scattering in the crystal. Since the seed Stokes light is only amplified if the pump light is present inside the crystal, by controlling the relative timing between the outgoing seed Stokes pulses and the Qswitched pump pulses, the range of the scene imaged can be selected. The effective "range-gate" width is controlled by the temporal pulse width of the pumps. Figure 7 shows the range-gating feature of SSRIA. Starting at the top left of the figure, the upper block shows a single ti-i-bar image that is unamplified because, as is shown in the block directly below it, the amplifier pump pulse (the wider trace) does not overlap the illuminating Stokes pulse (the narrower trace). The successive 
NOISE PROPERTIES OF RAMAN AMPLIFIERS
There are many choices of standard optical detectors m the SWIR region around 1.56 tm. The need to produce rangegated images, however, limits the choices to either a photoemissive detector coupled with a MCP electron multiplier, phosphor screen, and visible CCD, or a smgle-pixel, gated photomultiplier tube that must he scanned to produce an image. Both of these detector subsystems are based on the emission of photoelectrons from a photocathode. In the SWIR region, photocathodes are Just now becoming available and their quantum efficiencies are low (less than 20%). Also, the OCCSS of electron multiplication results in both image blurring and additional image noise.
SSRIA technology can overcome all of these problems associated with the standard intensified-CCD (ICCD). SSRIA is a technique of gated optical preamphtication. There are three main reasons for preamplifying optical signals: 1) to boost weak optical signals so that they are above the level of thermal noise present in the electronics of detection, 2) to compensate for low quantum efficiency of the detector, and 3) to provide optical gating. A requirement of preamplilication is that it adds minimum noise to the incident signal. The noise performance of optical amplifiers can he characterized by the power noise factor, F, defined by:
( 4.1) where SNRUt S the square of the signal-to-noise ratio input to the amplifier and SNROt is the square of the output signal-to-noise ratio from the amplifier. The noise factor for the Raman amplification process is given by the following
GssA dGA where GssR, the overall gain of the Raman amplifier and id is the quantum efficiency of the detector foUowmg the amplifier. When the Rainan gain is high enough to make the contribution of the last two terms negligible, the SSRIA noise factor limits to a value of 2. This can be shown to be the ultimate limit, governed by quantum mechanics, for any phasepreserving optical amplifier. The SNR of the opticai image input to the Raman amplifier is determined by the Poisson noise of the incoming photons. The variance in photon number for a Poisson random process is equal to the mean number of photons, P0. Therefore, the input SNR can be written as SNJ =\/i GssA 7d GA Recent work with intensified CCD's has shown that the noise factor of these devices is a complicated function of MCP gain noise and other additive noise.4 The overall SNR performance of ICCD's is also degraded by the quantum efficiency of the sensing photocathode. As a result, the output SNR for an ICCD device can be written as: By taking the ratio of equations (4.4) and (4.5), the figure-of-merit (FOM) performance gain of the SSRIA over the ICCD imaging system is:
Assuming a Raman amplifier gain of 1000 and assuming a HgCdTe array is used, which has a quantum efficiency of 60%, equation (4.7) gives an SNR paformance gain of at least:
over the use of an intensifier-CCD combination. This SNR advantage directly translates into a factor of 2 to 3 greater range with all other system parameters being equal.
Another advantage in using SSRIA over ICCD's is the fact that the noise factor of the Raman image amplifier is not very sensitive to the overall Raman gain. In ICCD's, the noise factor of the MCP increases dramatically with lower gain. This limits the maximum SNR of an intensified image. Figure 8 shows a comparison ofnoise factors of the SSRIA and intensified CCD's as a function of gain. At lower gains, the noise factor of SSRIA is significantly lower than the standard image tubes. Figure 9 shows the overall SNR comparison between SSRIA and ICCD's as a function of input light level (given in input photons per detector pixel). The upper line shows the upper limit ofpure shot-noise arising from the Poisson statistics of arriving photons. The SNR of the SSRIA is offset just below this ultimate limit and tracks the shot noise through four decades of input light level. The ICCD SNR is shown on the bottom and falls significantly below the SNR attained by SSRIA. In addition, the ICCD SNR essentially saturates at high input light levels due to the rising noise factor of the microchannel plate (MCP). 
RESOLUTION
In most ICCD systems, the resolution is limited by the combined effects of input and/or output fiber optic bundles, the electron optics of the input and output MCP spacings, and microchannel plate (MCP) blur. Current Gen II wafer tubes have limiting resolutions of25-32 line pairs per millimeter.5
The SSRIA optical resolution is governed by the size ofthe pumped region in the Raman amplifier crystal. This is due to the Fourier iransform relationship between the optical image plane and the center of the crystal plane. Optical resolution is typically specified by the Modulation Transfer Function (MTF) which is defined by:
where 'max and 'mm are the maximum and minimum irradiance values, respectively, of the image of a sine-wave pattern. The limiting resolution is usually defined as the spatial frequency at which the MTF is 3%. This is considered the minimum contrast which can be seen by the eye. The advantage in using MTF to characterize resolution is that the MTF for each separate part ofan optical system can be found separately and then the product ofthese separate MTF's gives the MTF of the entire system.
For the experimental demonstration of SSRIA described in this paper, the system MTF is a product of the MTFs due to diffraction, optical aberrations, and the SSRIA. The demonstration was designed such that the SSRJA MTF would be the limiling term in the optical resolution. Figure 10 Inthis demonsiration, the focal length was chosen for convenience and the pumped region diameter was limited by the pulse energy available from the pump laser. For future work, the pumped region will be increased to 5 mm and the inverse transform lens will be chosen to demonstrate a cutoff frequency of greater than 40 line pairs per millimeter. This will exceed the best resolution of current image intensifier tubes. Figure 1 1 shows a schematic comparison of the spectral characteristics of SSRIA and ICCD's. For a typical ICCD imaging lidar system, the use of a photocathode implies a broad speclral response. To limit the background light due to sunlight, a narrow bandpass optical filter is used in front of the ICCD optics. However, because of the shift of the center passing wavelength with angle inherent in multi-layer dielectric bandpass filters, in order to work with a reasonable field-ofview the bandpass must be limited to around 10 nanometers FWHM. Any narrower and the FOV must be decreased accordingly. Figure 1 1 shows that the background light within a 10 nanometer bandpass is amplified by the ICCD and appears as noise in the image.
SUNLIGHT BACKGROUND REJECTION
The spectral width ofthe Rainan amplification process is on the order of 1 nanometer and is not sensitive to angular shift. Thus, the sunlight background is reduced by at least a factor of 10 when using SSRIA compared to ICCD's.
CONCLUSIONS
In conclusion, Lite Cycles has shown that Solid-state Raman Image Amplification is a feasible ttxhnology for producmg range-gaterl imagery in the eye-safe infrared region. SSRIA is capable of amplif'ing low-level optical images with gains of 10 to lO with the addition of only quantum-limited noise. The high gains available from SSRIA can compensate tor low quantum efficiency detectors in the SWIR and can reduce the need to cool detectors to reduce thermal noise. The range-gale of SSRIA was shown to be controlled by the pulsewidth of the amplifier pump laser and can he made as short as 30 -100 cm, usmg pump pulses of 2 -6.7 nsec FWHM. The use of SSRIA in an imaging hdar system has been shown 10 result in higher SNR images throughout a broad range of incident light levels, in contrast to the increasing noise factor occumng with reduced gain in ICCD's. General equations for the gain, noise, and optical design of SSRIA have been presented. A theoretical framework for the optical resolution m SSRIA has been presented and it was shown that SSRIA can he designed to produce higher resolution than is attamabic by ICCD's. SSRIA was also shown superior to 1CCD's in rejecting unwanted sunlight background, further increasing the SNR of images. 
